Abstract. Four female Shiba goats were used to determine the influence of body weight loss by dietary restriction on estrous cyclicity. The dietary restriction was started on the day following ovulation. The goats were fed hay cube and straw at an amount of 30% of energy requirement based on weekly body weight measurement. The ovaries were monitored daily by transrectal ultrasonography and blood samples were collected daily by jugular venipuncture for ovarian steroids analysis. After the start of food restriction, all animals lost body weight and entered ovarian quiescence. Intervals to the onset of ovarian quiescence tended to depend on the body weight of each animal at the start of food restriction. The mean concentration of progesterone during the mid-luteal phase (from 7 to 13 days after ovulation) in the last estrous cycle before ovarian quiescence was significantly lower than that in normal estrous cycle of the control period (19.7 ± 2.8 vs 12.3 ± 2.2 ng/ml, P<0.05), whereas there was no significant difference in the length of the luteal phase, determined as the period when corpora lutea existed and concentrations of progesterone were equal to or greater than 1 ng/ml (15.8 ± 1.5 vs 15.0 ± 2.8 days, P>0.1). A rise of estradiol concentration and follicular growth in the follicular phase following a decline of progesterone level after luteal regression tended to be suppressed at the onset of ovarian quiescence. It seems that the present results are consistent with previous findings that nutritionally induced body weight loss influences the secretion of ovarian steroids and eventually induces ovarian quiescence.
v ar ia n ac t iv it y i n d om es t i c an i m a l s is influenced by levels of nutrition at various stages of the reproductive processes. Dietary restriction slows growth and delays the onset of puberty in the lamb [1] . The length of time from parturition until the first ovulation in cows is dictated by interactions among nutrient intake, weight change, body condition at calving and suckling [2] . Occurrence of ovarian disorders such as ovarian quiescence and ov ar ian cysts is associated with nutritional condition during the early period of lactation in dairy cows. However, the physiological mechanisms for nutritional control of the reproductive activity are understood only partially in domestic animals.
Nutritional anestrus has been induced in cows [3] [4] [5] and pigs [6] . Imakawa et al. [7] reported that anestrus occurred in beef heifers 26.5 week after initiation of a diet that provided a half of the energy required for maintenance, and that the lack of luteal activity was associated with 20% loss of initial body weight. Likewise, Johnson et al. [8] found that 40% of energy requirement to dairy heifers resulted in 20% body weight loss and anestrus. Estrous cycles in gilts stopped after 46 day of food restriction, at which point they had lost 14.5% of their body weight [6] . These reports suggest that body weight changes are associated with nutritional cessation of the estrous cycle.
The Shiba goat has been proven to be a useful experimental model for scientific study of domestic ruminants. We previously demonstrated that pulsatile luteinizing hormone (LH) secretion in goats of low body weight was more susceptible to acute food deprivation than that in heavy animals [9] , suggesting that there is a critical body weight influencing endocrine activity in response to metabolic insufficiency. Anestrus or amenorrhea h a s b e e n d e m o n st r a t e d t o b e c a u s e d b y nutritionally induced body weight loss in cows [4] , rats [10] , hamsters [11] and women [12] . In small ruminants, several studies have examined the effects of long-term restricted feeding on metabolic and hormonal environments in sheep [13] [14] [15] . Recently, we h a v e s u c c e s sf u l l y a d o p t e d tr a n sr e c t a l ultrasonography for monitoring the follicular and luteal dynamics during the estrous cycle in Shiba goats [16] . The objectives of this study were to monitor successive endocrine and ovarian changes until the onset of ovarian quiescence in food restricted Shiba goats.
Materials and Methods

Animals
Ad ult female Shiba go at s maintained for ex p er i m en t al u s es at T o ky o U ni v er s i t y o f Agriculture and Technology were used. They are non-seasonal breeders under natural daylight and their normal body weight ranges from 15 to 30 kg [17] . They received hay cube daily according to dietary requirements established by the National Research Council (NRC, 1981). They were kept with stanchion in indoor cages where the daylight was maintained on a 12 h light and 12 h dark cycle.
Experimental procedure
Four cycling goats (1-5 years of age) with various body weights (heavy, moderate and light) were determined to have shown at least 2 times of normal estrus behavior, ovulation and subsequent luteal development before the start of dietary manipulation. Their body weights were 35 (#4, 4 years of age), 25 (#20, 5 years of age), 14 kg (#31, yearling) and 14 kg (#32, yearling) at the start of the experiment. Food restriction was started on the day following ovulation. All animals were fed hay cube (range: approximately 50-400 g/day) and straw (50 g/day) at an amount of 30% of total digestible nutrients as established by NRC in 1981, based on weekly body weight measurements. The limited diet level was chosen as the most severe level not to affect clinical general condition in consideration of previous reports [9, 18] . The f o l l i c u l a r d e v e l o p m e n t , o v u l a t i o n a n d development of corpora lutea were monitored daily by transrectal ultrasonography until the determination of ovarian quiescence as described previously [16] . The diameter of detectable follicles and the major axis of the corpus luteum were measured with the scanner's electronic calipers. Blood samples (12 ml) were collected by jugular venipuncture at the time of the ultrasonographic o b s e r v a t i on . P l a s m a w a s s e p a r a t e d b y centrifugation immediately after the collection and st o red fro zen at -20 C un til t he as says for concentrations of progesterone and estradiol. Because we have reported that the ovulation occurs within 7 days after the onset of luteal regression during the normal estrous cycle in Shiba goats [16] , th e a n i m a l s th a t h a d n o ov u l a ti o n fo r 1 4 consecutive days (twice normal value) after the regression of corpus luteum from the ovarian i m a g e w e r e d ia g n o se d as h av in g o v a r i an quiescence. The onset of ovarian quiescence was determined as the first day of successive daily b l e e d i n g d a t e s w h e n c o n c e n t r a ti o n s o f progesterone were lower than 1 ng/ml.
Assays
C o n c e n tr a t i o n s o f e s t r a d i o l -1 7 β a n d p r o g e s t e r o n e w e r e m e a s u r e d b y th e radioimmunoassay described by Taya et al. [19] . Intra-assay coefficient of variation for estradiol-17β was 11.2%, and intra-and inter-assay coefficients of variation for progesterone were 10.1% and 20.4%, respectively. The sensitivities for the estradiol-17β and progesterone assays were 0.08 pg/ml and 0.07 ng/ml, respectively.
Statistical analysis
Data for major axis of corpora lutea after polyo vula tion a re repr es ented as m ea n ± SD of individual corpora lutea, and values for follicular diameter in each day were designated as the diameter of the largest follicle in the ovaries on that d a y. In the pr e sen t stu d y , d i f fer e n c es i n progesterone levels during mid-luteal phase and in t he leng th o f lut eal phase betw een nor mal maintenance and the food restriction period were analyzed. We previously reported that corpora lutea sto pped growing aro und 6 da ys a fter ovulation and then the size remained constant until 14 days after ovulation in the normal estrous cycle o f S hi b a g o ats [1 6] . T he r e f or e , th e m ea n concentration of progesterone from 7 to 13 days after ovulations was defined as progesterone level in the mid-luteal phase in individual animals. The length of the luteal phase was determined as the number of days when corpora lutea were detected by ultr ason ogr aphy and co n cen tratio ns of progesterone were equal to or greater than 1 ng/ ml.
Data are expressed as mean ± SD. Two-way AN OVA for repeated meas ures (between = treatment, within = day) or two sample t-test or the Cochran-Cox test, which is used for analysis of differences between t wo m ean values w ith heterogeneity of variance [20] , was used to evaluate t h e ef fec t o f fo o d r es t ri c t io n . P< 0 . 0 5 w a s considered to be statistically significant.
Results
After the start of food restriction, all four animals lost body weight and entered ovarian quiescence. The relationship between body weight changes and the estrous cycle is shown in Fig. 1 and Table 1 . Intervals to the onset of ovarian quiescence tended to depend on the body weight of each animal at the start of food restriction. The heaviest animal (#4) had five ovulations after the start of food restriction and entered ovarian quiescence at 19.5 kg of body weight. The moderate animal (#20) had one ovulation and entered ovarian quiescence at 20.5 kg of body weight. The intervals to the onset of ovarian quiescence for #4 and #20 were 136 and 34 days, respectively ( Table 1 ). The two light-weight animals (#31, #32) had no ovulation following the first luteal regression after the start of food restriction.
The profiles of progesterone and corpora lutea in the estrous cycles before and after the start of food res t ric ti on ar e s ho wn in Fig . 2 . T he m ea n progesterone levels during mid-luteal phase in the last estrous cycle before ovarian quiescence was significantly lower than that in the normal estrous cycle before the start of food restriction (19.7 ± 2.8 vs 12.3 ± 2.2 ng/ml, P<0.05 with two sample t-test), whereas there was no significant difference in the length of the luteal phase (15.8 ± 1.5 vs 15.0 ± 2.8 days, P>0.1 with two sample t-test).
The profiles of estradiol concentration and follicular growth following luteal regression just before the start of food restriction and at the onset of ovarian quiescence are shown in Fig. 3 . At the onset of ovarian quiescence, mean estradiol concentration on the 1st day and mean follicular diameter on the 3 rd day after the day when progesterone concentrations fell below 1 ng/ml after the onset of luteal regression was significantly (P<0.01 with two sample t-test for follicular diameter and P<0.05 with Cochran-Cox test for estradiol) lower than those just before the start of food restriction. The follicular diameter and estradiol concentration for 4 days (Day 0 to Day 3) from the day when progesterone concentrations fell below 1 ng/ml after the onset of luteal regression was suppressed at the onset of ovarian quiescence (P<0.01 with two-way ANOVA for repeated measures).
Discussion
Dietary treatment of 30% of energy requirement r e s u lt e d i n b od y w ei gh t lo s s an d o v ar i an quiescence in all goats examined. These data support previous observations that body weight loss by restricted nutrient intake induces the cessation of estrous cycle in cows [4] , rats [10] , hamsters [11] and women [12] .
Nutritionally induced anestrus was found at the 20% and 14.5% of body weight loss by food restriction in cows [8] and pigs [6] , respectively. The present data showed that interval to ovarian quiescence tended to depend on the body weight of each animal at the start of food restriction. In the heaviest animal, approximately 20 weeks lapsed before ovarian quiescence, whereas the estrous cycle stopped immediately after the start of food restriction in two yearling, light goats. Although the number of animals involved was too small to be definitive on the relationship between body energy status (body weight, body size, adiposity etc.) and nutritionally induced ovarian quiescence, heavy animals might have more mobilizable reserves to maintain sufficient nutritional feedback for supporting ovarian activity than light animals. In connection with this, pulsatile LH secretion in light g o a t s w a s m o r e s u s c ep t i bl e t o a c u t e fo o d deprivation than in heavy animals [9] .
I n t h e p re s ent st u dy , d iet ar y re s tr i ct i o n influenced the concentrations of progesterone during the mid-luteal phase just before the onset of ovarian quiescence, but not the length of luteal phase. Therefore it is possible that chronic dietary restriction may affect the activity of progesterone secretion from the luteal cells, but not the lifespan of the corpora lutea. However, the effect of dietary restriction on luteal function during the estrous cycle is still controversial. Various levels of dietary restriction increased [21] , decreased [7, 22] or had no effect [23] on progesterone concentrations during the luteal phase in heifers. Food restricted cows had a decreased weight of corpora lutea during the estrous cycle [24] . Rhodes et al. [23] reported that the maximum diameter of corpora lutea was decreased, whereas no reduction of the duration of luteal phase was found in the last estrous cycle before anestrus in food restricted h e i f e r s . I n t h i s r e g a r d , m o r e d e t a i l e d endocrinological studies are awaited.
I n t h e p r e s e n t st u d y , m e a n e st r a d i o l concentrations and follicular growth at the onset of ovarian quiescence was lower than those in the follicular phase before the start of food restriction. This finding suggests that nutritionally induced ovarian quiescence (anestrus) begins with the deficiency of estradiol secretion inhibiting the preovulatory LH surge. Although metabolic control of estradiol secretion is not clear, some explanations for this finding may be considered. For example, it was clearly demonstrated that estradiol secretion from the follicle was regulated by pulsatile LH secretion during the follicular phase in the ewe [25] [26] [27] . Imakawa et al. [28] reported that the suppressive effect of dietary restriction on the estrous cycle was partially attributable to a decrease in the frequency of LH pulses during the follicular phase of the estrous cycle in heifers. Insulin like growth factor-I is greatly influenced by nutritional status and has been identified to be involved in the regulation of steroidgenesis and the expression of LH receptor in the ovary [29] . The dysfunction of these hormonal and metabolic actions on the ovary might suppress estradiol secretion in the follicular phase under the condition of food restriction.
In conclusion, the present findings may indicate that nutritionally induced body weight loss suppresses progesterone secretion during the luteal phase, and further progress of body weight loss induces ovarian quiescence that starts in the follicular phase accompanying suppression of estradiol secretion in Shiba goats.
